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Summary 
The magnitude and dynamics of [Ca =+ ] changes in 
spines and dendrites of hippocampal CA1 pyramidal 
neurons have been characterized using a low affinity 
fluorescent indicator, mag-Fura 5, that is sensitive to 
Ca 2+ in the micromolar range. During tetanic stimula. 
tion (1 s), we observed progressive [Ca =+] increases 
in distal CA1 spines to as much as 20-40 FM, both 
in organotypic slice culture and acute slice. Similar 
accumulations were reached during continuous depo- 
larization (+10 mV, 1 s) when K ÷ channels had been 
blocked, but not with spike trains driven by postsynap- 
tic current injection. The large [Ca =+ ] increases due to 
tetanic stimulation were blocked by APV, indicating 
that NMDA receptor-dependent influx was critical for 
the large responses. These findings have significant 
implications for low affinity Ca2+-dependent biochemi- 
cal processes and show a new upper limit for [Ca 2+] 
changes measured in these neurons during stimu- 
lation. 
Introduction 
Transient increases in intracellular Ca 2+ concentration 
([Ca2+]) have been implicated in most forms of synapse- 
specific plasticity, for example, long term potentiation 
(LTP) (Bliss and Collingridge, 1993) or depression (LTD) 
(Linden and Connor, 1995). It has been proposed often 
that the localization of [Ca 2÷] increases is one possible 
mechanism through which synapse specificity is imparted 
in these forms of long-lasting synaptic plasticity, even 
though direct measurements are few, and it is unclear 
what the mechanisms responsible for compartmentalized 
[Ca 2÷] changes may be. Microfluorometric measurements 
of [Ca 2+] in individual neurons has proven to be a powerful 
tool for defining roles of this ubiquitous econd messenger 
in many intracellular processes. The dynamics of dendritic 
[Ca 2÷] changes during synaptic stimulation of hippocampal 
neurons have been measured in a number of laboratories 
using the high affinity indicator Fura 2 (Regehr et al., 1989; 
Miyakawa et al., 1992; Regehr and Tank, 1992; Perket et 
al., 1993; Malinow et al., 1994), as well as single- 
wavelength indicators, including fluo-3 and Ca2+-green 
(Alford et al., 1993; Frenguelli et al., 1993; Jaffe et al., 
1994). These studies have, for the most part, concentrated 
on defining the membrane concluctances mediating the 
Ca 2+ increases. The magnitude and dynamics of [Ca 2÷] 
changes in dendritic spines, the structures perhaps most 
critical for synapse modification, remain relatively un- 
known. Currently available fluorescence optics and high 
resolution digital imaging permit [Ca 2÷] measurements at 
the level of the postsynaptic dendritic spine in CNS neu- 
rons. As a result, there is evidence that, in some circum- 
stances, dendritic spines can compartmentalize or restrict 
[Ca 2+] changes (Guthrie et al., 1991; MQIler and Connor, 
1991). 
Fura 2 is of limited utility in measurements on small 
dendrites and spines in brain slice. It saturates at the mi- 
cromolar [Ca 2+] levels reached during tetanic stimulation, 
and, moreover, its fluorescence (380 nm excitation) often 
vanishes into the background autofluorescence of the 
slice prior to saturation. Because of its large buffer capac- 
ity in the physiological range, it can also significantly atten- 
uate [Ca 2+] changes and alter [Ca 2÷] dynamics (Regehr 
and Tank, 1992). These factors may lead to severe under- 
estimation of [Ca 2÷] changes. Furaptra, orginally designed 
for Mg 2+ measurements (Raju et al., 1989), has spectral 
properties very similar to Fura 2. This compound, also 
known as mag-Fura 2, has been exploited as a low affinity 
Ca 2÷ indicator, primarily in muscle (see Konishi et al., 
1991), but Regehr and Tank (1992) used furaptra to esti- 
mate [Ca 2+] changes as large as 10 pM in dendrites re- 
sponding to synaptic stimulation. Measurements using 
Fura 2 under similar conditions do not yield reliable mea- 
sures over 1-2 pM (Regehr et al., 1989; MLiller and Con- 
nor, 1991; Regehr and Tank, 1992). In studies using car- 
diac myocytes, maximal [Ca 2÷] transients measured with 
Fura 2 are 4- to 6-fold smaller than those measured with 
the low affinity indicator furaptra, largely owing to buffering 
of cytosolic Ca 2+ by Fura 2 (Berlin and Konishi, 1993). 
Thus, it is unclear to what extent [Ca 2+] may be elevated in 
hippocampal pyramidal neurons during stimulation, since 
high affinity indicators have been used almost exclusively 
to investigate these responses. In the present study, we 
have made measurements of synaptically and current 
driven [Ca 2÷] changes in small dendrites and spines of 
CA1 neurons using a related low affinity indicator, mag- 
Fura 5, which is most sensitive to changes in the 5 to 100 
pM range. A preliminary report of this work has appeared 
(Petrozzino et al., 1993, Soc. Neurosci. Abstr., abstract). 
Results 
Ca 2* Measurements in Distal CA1 Spines and 
Dendrites in Slice Cultures 
The indicator mag-Fura 5 has a dissociation constant (Kd) 
for Ca 2÷ of approximately 20 p.M as determined from in 
vitro standardization (see Experimental Procedures), com- 
pared with approximately 0.2 pM for Fura 2 (Grynkiewicz 
et al., 1985). Differences in the signals reported by these 
indicators, in situ, are consistent with this large difference 
in affinity. For example, electrical activity that will generate 
Ca 2÷ changes of 0.5 to 1 p~M in neuronal somata and proxi- 
mal dendrites as measured by Fura 2 produces no signifi- 
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Figure 1. Ca 2+ Changes in Distal CA1 Spines 
and Spiny Dendrites in Response to Synaptic 
Stimulation of Stratum Radiatum 
Solid lines indicate spines; dashed lines indi- 
cate spiny dendrites; stimulation was 1 s, 50 
Hz. Stimulus period indicated by black bar on 
time axis. R indicates recovery measured ap- 
proximately 1 min after stimulus. Small time- 
axis error bars correspond to slightly different 
acquisition rates for individual data. A repre- 
sentative spike train is shown in the inset (open 
bar under trace shows time of stimulus). Fluo- 
rescence of mag-Fura 5 does not change mea- 
surably for [Ca 2÷] levels <1 p.M. Resting [Ca 2"-] 
is therefore given as <1 p.M when this indicator 
is used. The recording pipette contained K÷- 
gluconate and 1 mM mag-Fura 5. n = 31 
spines/spiny dendrites on 12 neurons. Picro- 
toxin (20-25 I~M) was used for 4 neurons. 
(Insets) Representative 380 nm-excited fluo- 
rescence images of distal spiny dendrites used 
in the analysis. Bars, 5 p.m. 
cant change of the mag-Fura 5 signal in these regions. 
In smaller dendrites, in which the Fura 2 signal saturates 
during such electrical activity, the mag-Fura 5 signal 
shows moderate changes (see Petrozzino and Connor, 
1994). 
Figure 1 shows mean [Ca 2+] responses of 31 spines and 
their attached spine-covered dendrites, hereafter eferred 
to as spiny dendrites, measured with mag-Fura 5 (n -- 
12 neurons in slice culture). Activity was d riven by stimula- 
tion of the Schaffer collaterals in stratum radiatum (1 s, 
50 Hz). An average of 11 _.+ 1 spikes were triggered uring 
the stimulus period. Only clearly resolvable, laterally proj- 
ecting spines (see inset) were included in this and the 
subsequent analysis (including CA3 neurons). [Ca 2+] in 
both compartments increased progressively to approxi- 
mately 30 ~M during the stimulus, but [Ca 2+] in the den- 
drites remained slightly, but consistently, below [Ca 2+] in 
spines. We did not test for statistical significance of this 
difference, since it is very likely that the spiny dendrite 
measurements are contaminated by fluorescence from 
vertically projecting spines. However, at least some small 
gradient of [Ca 2÷] from spine to adjacent dendrite existed 
in all 31 pairs. Even though cell firing sometimes topped 
during the stimulus period, as in the inset of Figure 1, the 
progressive [Ca 2+] increase persisted to the end of the 
stimulus (see also Figure 2, below). An additional 11 
spine-dendrite combinations not included in the data of 
Figure 1 were analyzed that showed similar large [Ca 2+] 
increases, but no difference at all between spine and den- 
drite [Ca2+]. 
To minimize photobleaching of the indicator, the decay 
phase of the response was not rigorously investigated. 
However, in 4 neurons, recovery of basal [Ca 2+] levels was 
observed within 10 s of the end of the stimulus (see also 
Figure 2A, in which recovery was observed within 3 s). 
It was occasionally possible to find regions on relatively 
large dendrites that were sparsely populated with laterally 
projecting spines. Figure 2 shows two examples in which 
large gradients of [Ca 2+] between spines and the adjacent 
dendrite were established upon synaptic stimulation. [Ca 2+] 
increases as large as 30 I~M in spines but only 5-10 I~M 
in the dendrites were seen in this configuration. Clearly, 
as shown in Figure 2A, not all spines responded equally, 
suggesting either the involvement of different Ca 2÷- 
mobilizing processes, lack of activation of the appropriate 
presynaptic fiber by the stimulus, or failure of transmitter 
release. In Figure 2A, the largest [Ca 2+] increase (marked 
E) followed an abrupt depolarization in the middle of the 
stimulus train (see inset). Such an increase could be 
brought about by either activation of voltage-gated Ca 2÷ 
channels, or by accumulating depolarization allowing the 
unblocking of N-methyI-D-aspartate (NMDA) receptor-cou- 
pled channels. In other cases, such as Figure 2B, there 
was no clear electrical event associated with the [Ca 2+] 
increase. 
Blocking NMDA receptors with 2-amino-5-phosphono- 
valeric acid (APV) caused a large decrease of the mag- 
Fura 5 signal in response to synaptic stimulation. Figure 
3 shows a comparison of signals elicited by a 50 Hz, 1 s 
stimulus train in normal saline (marked A-E) and in 100 
I~M APV (marked F-J). The concurrent electrical responses 
are shown in the traces at the top of the figure. In normal 
saline, the large Ca 2+ increases begin in the spines and 
midsection of the thin spiny dendrite (most evident in im- 
age C) and later spread throughout the small dendrites. The 
primary dendrite (Figure 3, upper left corner of images) 
shows a comparatively minor Ca 2+ increase. The lack of an 
appreciable signal anywhere in the dendrite in APV does 
not imply that there is no Ca 2+ increase, but that the in- 
creases are less than 2-3 I~M. Four neurons were exam- 
ined explicitly for the effects of APV on Ca 2÷ changes. On 
the average, a peak Ca 2+ increase of 29 __. 6 p.M was 
reached in spiny dendrites responding to a 1 s, 50 Hz 
tetanus in normal saline. APV (100 p.M) reduced the peak 
increase to a barely detectable 2 _+ 1 I~M. Three of the 
neurons were held long enough to wash the APV out and 
showed recovery of the Ca 2÷ response to 107% - 250/0 
of control. 
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Figure 2. Spine-Dendrite [Ca 2+] Gradients on Relatively Large Distal CA1 Dendrites with Low Spine Density during Synaptic Stimulation of Stratum 
Radiatum 
Synaptic stimulation was ls, 50 Hz. 
(A) Acquisition times for ratio images A-E are given by closed bars under the voltage trace; open bar indicates stimulus interval. Image F was 
taken 3 s after the stimulus. Fluorescence image (380 nm excitation) from ratio image, A, is shown at upper left. A clear gradient was evident 
between 3 spines and the adjacent dendrite. Resting membrane potential, -69 mV. 
(B) Image sequence timing, A-F, is indicated as in (A). Image G was taken 30 s after the stimulus (open bar). Outlined region in A shows spine 
area magnified for images B-G, which are shown in b-g, respectively. Image a shows 380 nm excited fluorescence corresponding to ratio image, 
A. Resting membrane potential, -65 mV. Bars, 5 I~m (A); 1 I~m (B). 
Picrotoxin (25 I~M) was present in (B) but not (A). K+-gluconate and 1 mM mag-Fura 5 were included in recording pipette in (A) and (B). 
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Figure 3. Reduction of Tetanic Stimulus-Induced Ca 2+ Changes by APV 
Images marked A-E show development of Ca 2+ increase during synaptic stimulation (1s, 50 Hz) of stratum radiatum in normal saline. The membrane 
voltage response is shown in the upper left trace. Black bars located under the voltage trace show time period over which the image panels were 
acquired. Red bar denotes period of stimulation. Panels F-J show the Ca 2. changes in the presence of 100 mM APV. Hardly any change is 
apparent at the display sensitivity employed. The associated membrane voltage is shown in the right trace. Panel K shows the 380 nm-excited 
fluorescence image. Resting membrane potential, -65 mV. K÷-gluconate and 1 mM mag-Fura 5 were included in recording pipette. 
Spike activity driven by current injection at the soma 
generated small, but resolvable, Ca 2+ changes in small 
spiny dendrites. Constant current injections, 0.25-0.55 nA 
for 1 s, were used to trigger a standard response paradigm, 
10 _+ 1 spikes, which gave Ca 2+ increases averaging 
4.1 _+ 1.0 I~M. These changes were much smaller than 
those generated by normal orthodromic stimuli (above), 
even though the total number of action potentials was 
about the same. Changes in the soma and primary den- 
drites were too small to be resolved with mag-Fura 5. 
Maintained depolarizations, facilitated by blockade of K + 
channels, elicited significantly larger Ca 2+ reponses. Using 
Cs÷-gluconate in the recording electrode (Experimental 
Procedures; see also Perkel et al., 1993), neurons were 
given 1 s depolarization to approximately +10 mV. Maxi- 
mum changes measured in small spiny dendrites under 
these conditions were approximately 20 p.M, with levels 
in the spines and dendrites being indistinguishable (n -- 
11 spines/dendrites, 7 neurons). Once again, changes in 
the soma and proximal dendrites were barely detectable. 
The averaged time course of the Ca 2+ accumulation is 
shown in Figure 4 and demonstrates that most of the 
change occurred within the first 500 ms of the response. 
The large size and relatively small variability of the depo- 
larization response made it possible to test the effects of 
Ca 2+ binding by the indicator on the magnitude of reported 
Ca 2+ increases. With the concentration of mag-Fura 5 in 
the recording pipette lowered from 1 mM to 0.5 mM, the 
1 s depolarizations gave maximum Ca 2+ increases approxi- 
mately 2-fold larger, 37.8 _+ 5.2 pM in spines and 40.4 -4- 
5.6 I~M in spiny dendrites (n = 5 spine/dendrites, 3 neurons). 
The maximum responses measured in the presence of 
1 mM indicator were 25.4 __ 5.3 I~M in spines and 20.7 __. 
4.3 I~M in dendrites (Figure 4). 
Ca =+ Measurements in Distal CA1 Spiny Dendrites 
in Acute Slices 
To evaluate the relevance of these unexpectedly large 
[Ca 2÷] changes to those from acute slices, we also made 
measurements from CA1 neuron dendrites in conven- 
tional acute slices in response to synaptic stimulation. In 
general, resolution is poor in this preparation, but spiny 
distal dendrites may be resolved with low probability (see 
also MOiler and Connor, 1991). Maximum [Ca 2+] changes 
measured in response to a 1 s, 50 Hz tetanus delivered 
to CA1 stratum radiatum, the same stimulus as in slice 
cultures, were 19.9 _.+ 1.6 I~M in spines and 17.7 - 1.3 
I~M in dendrites (n = 12 spines on 8 dendrites, 6 neurons). 
These [Ca 2+] changes are well within the range of those 
measured in the CA1 neurons in slice cultures (see Figure 
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Figure 4. Depolarization-Induced Ca 2+ Changes in Spines and Spiny 
Dendrites 
Ca 2+ changes in distal CA1 spines (solid lines) and spiny dendrites 
(dashed lines) in response to prolongec+ depolarization (1 s; shown as 
closed bar on time axis) to between 0 and +20 mV (n = 11 spines/ 
dendrites on 7 neurons). Recording pipettes contained Cs+-gluconate 
and 1 mM mag-Fura 5, 
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Figure 5. External Ca 2+ Dependence of Mag-Fura 5 Ratio Changes 
CA3 (n = 5) and CA1 (n = 5) neurons were depolarized for 1 s to 
approximately +10 mV (Cs+-gluconate-based recording solution, 1 mM 
mag-Fura 5). Ratio changes are expressed relative to resting ratio 
(R/Ro). Number of spines (S) represented is 8 in CA3 and 6 in CA1; 
number of dendrites (D), 7 in CA3 and 7 in CA1. 
1), indicating similarity between the two preparations in 
terms of Ca 2+ responses. 
The probability of stimulating a given dendrite segment 
for a given, preestablished placement of the stimulus elec- 
trodes was much lower in the acute slice than in the cul- 
tured slice. The above 8 dendrites were from a total of 
18 examined on 8 neurons. The remaining 10 dendrite 
segments showed no measurable response. In one case, 
we observed [Ca 2+] changes in 2 of 3 distal dendrite seg- 
ments within the same 40 x 40 p.m field of view, and a 
common branchpoint closer to the soma established that 
the dendrites belonged to this same neuron. In slice cul- 
tures, synaptic stimulation produced [Ca 2+] changes in all 
distal CA1 dendrites imaged with mag-Fura 5. These find- 
ings are most likely accounted for by differences in the 
degree of connectivity between the pre- and postsynaptic 
elements and could in principle account for the somewhat 
smaller [Ca 2÷] increases observed in the acute slices. 
Dependence of Mag-Fura 5 Ratio Changes on 
Extracellular Ca 2÷ 
Mag-Fura 5 is sensitive to [Mg 2+] (Kd = 2,6 m M; Haugland, 
1992) as well as [Ca 2+] in physiological ranges. It was 
therefore important to demonstrate that the stimulus- 
induced fluorescence ratio changes measured in our ex- 
periments were the result of Ca 2÷ perturbations to justify 
computation of [Ca 2÷] from ratio measurements. We mea- 
sured ratio changes induced by 1 s depolarizations in nor- 
mal saline (Ca m÷ -- 2.5 mM; Mg 2. -- 1.3 raM) and in saline 
with no added Ca 2+. Results are summarized in Figure 5. 
In both CA1 (n = 5 neurons) and CA3 (n = 5 neurons) 
spines and dendrites, depolarization-induced ratio changes 
were reduced by approximately 84°/0 in the low Ca 2÷ saline. 
The remaining ratio change is not necessarily due to Mg 2+ 
increases, since it is unlikely that external [Ca 2+] was re- 
duced to zero in these experiments, in four of the above 
experiments, 50 pM EGTA was included in the 0 Ca 2+ 
saline but had no significant effect on the ratio changes. 
Higher concentrations of EGTA killed the preparations. 
Recoveryto 70% ± 10% of the initial response after reper- 
fusion with normal saline was obtained from 3 neurons. 
Discussion 
Using the low affinity indicator mag-Fura 5 we have dem- 
onstrated [Ca 2÷] accumulations of 20-40 I~M in dendritic 
spines in response to depolarization or synaptic stimula- 
tion of hippocampal CA1 pyramidal neurons. These levels 
are comparable to the highly spatially and temporally local- 
ized Ca 2+ accumulations measured in submembrane re- 
gions of the presynaptic terminal at the giant synapse of 
the squid (Llinas et al., 1992) and estimated at presynaptic 
active zones of hair cells (Roberts et al., 1990). Our mea- 
surements, of course, represent average increases within 
compartments 1-3 pm across. Assuming that the Ca 2+ 
changes here result from influx and the release of Ca 2÷ 
from intracellular stores, one would expect even larger 
transients in the volume very near the membrane of the 
spines and of the releasable stores (Llin&s et al., 1992; 
Roberts et al., 1990; Connor and Hockberger, 1985; Si- 
mon and Llin~.s, 1985). The maximal [Ca 2+] changes mea- 
sured here using mag-Fura 5 are approximately ten times 
larger than can be reliably measured using Fura 2 or other 
regularly used high affinity indicators. Although localized, 
NMDA receptor-dependent Ca 2+ increases in dendrites 
(Perkel et al., 1993; Malinow et al., 1994) and spines (Mt311er 
and Connor, 1991) have been previously reported in the 
slice preparation and in dispersed tissue culture (Murphy 
et al., 1994), the upper limit of these localized changes 
has not been previously determined. Since appreciable 
indicator buffering of maximal [Ca 2÷] responses was evi- 
dent in the experiments in which we varied indicator con- 
centration, it is likely that our present measurements do 
not represent a true upper limit for average Ca 2+ changes 
either. The increase we observed in distal dendrites and 
spines of CA1 neurons was progressive over the course 
of 1 s tetani. This finding was somewhat u nexpected, since 
there is a strong intuition that these very small compart- 
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ments might saturate very quickly (Gamble and Koch, 
1987). 
With synaptic stimulation of CA1 dendrites, we were 
able to show appreciable spine-dendrite [Ca 2+] gradients 
only in relatively large dendrites sparsely populated with 
spines (see Figure 2). In such a configuration, it is reason- 
able to propose that a large buffer capacity exists in the 
dendritic shaft and is not saturable by Ca 2+ input from a 
few spines, allowing a gradient o exist between the sites 
of greatest influx (spines) and the greatest volume of buffer 
(dendrite). In the small, densely studded dendrites, only 
small gradients were seen (see Figure 1), possibly be- 
cause we could not truly separate spine from shaft fluores- 
cence or because Ca 2÷ buffering in the small, low capacity 
shaft compartment was saturated by the spine input. 
When electrical activity was driven directly in the postsyn- 
aptic neuron, spine and shaft [Ca 2÷] levels were equal; 
and when K ÷ channels were blocked, [Ca 2+] levels could 
be driven to levels nearly as high as during synaptic stimu- 
lation. These observations provide a possible basis for 
LTP induction paradigms that are independent of NMDA 
receptor activation, for example, when low frequency stim- 
ulus is delivered in the presence of the K ÷ channel blocker 
tetraethylammonium (Aniksztejn and Ben-Ari, 1991; 
Huang and Malenka, 1993; Petrozzino and Connor, 1994) 
or with high frequency (200 Hz) tetanic stimulation (Grover 
and Teyler, 1992). 
Though the magnitude of synaptically driven [Ca 2+] 
changes in CA1 neurons was very similar in cultured and 
acute slices, the degree of effective pre- to postsynaptic 
coupling appeared to be much greater in the cultures than 
in the acute preparations. In acute slices, only a fraction 
of the dendrite segements in a small observation area 
responded to presynaptic stimulation with Ca 2+ changes 
large enough to be reported by mag-Fura 5. Homosynap- 
tic specificity of LTP, as it is often assessed in acute slice 
using tetanic stimulation of different sets of afferent fibers 
(Andersen et al., 1977; Lynch et al., 1977), is perhaps a 
correlate of this observation of selective dendrite activa- 
tion, provided that LTP induction requires Ca 2÷ levels in 
the 20-40 p.M range. These levels are only reached near 
active synaptic inputs. In dendrites that are coupled to 
active synaptic areas only by propagation of spikes or de- 
polarization spread, Ca 2+ changes are much smaller, as 
we have shown here by directly firing spikes in the postsyn- 
aptic neuron. It is probable that such dendritic areas may 
be subsequently activated by stimulating another set of 
afferent fibers. In slice cultures, it was the general case 
that all dendrites howed responses. This finding is consis- 
tent with previous observations of a high degree of connec- 
tivity in slice cultures (Kauer and Tsien, 1990, Soc. Neu- 
rosci., abstract; Mooney et al., 1993, Soc. Neurosci., 
abstract) and is expected, given that a great deal of re- 
growth occurs in the slice cultures (Zimmer and G&hwiler, 
1987). 
Our findings imply that rather low affinity Ca2+-depen - 
dent biochemical processes can be involved in synaptic 
plasticity. For example, the Ca2+-dependent form of cal- 
modulin (CAM), an activator of many neuronal enzymes, 
including cyclic nucleotide phosphodiesterase (Sharma et 
al., 1988), adenylate cyclase (Rosenberg et al., 1987), and 
Ca2÷/CaM-dependent protein kinase II (CaMKII) (Schul- 
man, 1988), contains four Ca2+-binding sites, one pair each 
of a high and low affinity class. At physiological ionic 
strength in the presence of Mg 2+, the K~ of the low affinity 
binding sites range between 14 I~M and 83 I~M (Keller et 
al., 1982; Klee, 1988). it is unclear exactly what the in vivo 
[Ca 2+] activation requirements of CaMKII are, since, as 
for other CaM-dependent enzymes (Sharma et al., 1988), 
activation of CaMKII will depend on the ratio of substrate 
to CaM concentrations (Kuret and Schulman, 1984), a vari- 
able that is not specifically known. Recently, a functional 
role for low affinity Ca 2+ binding to CaM has been demon- 
strated by point mutation of individual Ca 2÷ binding sites 
on CaM that effectively eliminate Ca 2+ binding at the site 
(Maune et al., 1992; Gao et al., 1993). Mutations of one 
of the low affinity Ca 2÷ binding sites greatly impaired the 
activation of several enzymes, including type I adenylate 
cyclase, myosin light chain kinase, Ca2+-ATPase (Gao et 
al., 1993), and CaMKII (Leslie Griffith, personal communi- 
cation). The two subunits of CaMKII account for a large 
fraction of the postsynaptic density in spines (Kelly et al., 
1984), and this enzyme has been found to be involved in 
the induction of LTP (Malinow et al., 1989; Silva et al., 
1992; Fukunaga et al., 1993) and in the modulation of 
membrane ion channels (M011er et al., 1992). Other evi- 
dence exists for low affinity Ca 2* binding in CaM- 
dependent activation of adenylate cyclase (Rosenberg et 
al., 1987). 
Experimental Procedures 
Slice Culture and Acute Slice Preparation 
The slice culture preparation provides optical properties superior to 
those of acutely prepared slices for fluorescence imaging measure- 
ments, presumably owing to reduced superficial cell damage, overly- 
ing debris, and autofluorescence. Sprague-Dawley rat pups (7 day) 
were decapitated, and the brain was aseptically removed and placed 
in sterile Gey's Balanced Salt Solution (supplemented with 36 mM 
D-glucose). Hippocampi were carefully removed, embedded in sterile 
agar on plastic overslips, and sliced into 275-300 ~m thick transverse 
sections using a Mcllwain tissue chopper (Brinkmann). Individual 
slices were placed on 30 mm MillicelI-CM tissue culture inserts (Milli- 
pore) and placed in a 95O/o 02/50/o CO2, 36°C, 95% humidified incuba- 
tor (Forma Scientific). The cultures ubsequently adhered to the mem- 
brane of the inserts. Twice a week, medium containing minimum 
essential medium (without phenol red, 50o/O), Earle's Balanced Salt 
Solution (without phenol red, 25%), and heat-inactivated horse serum 
(25o/o), supplemented with 1 mM L-glutamine and 36 mM D-glucose, 
was completely replaced. Additional details have been described 
(Pozzo Miller et al., 1993; Stoppini et al., 1991). Slice cultures grown 
in this manner typically thinned out to approximately 100-150 pm 
(Pozzo Miller, unpublished ata). 
Additional experiments were performed on CA1 pyramidal neurons 
in 300 I~m transverse slices of adult rat hippocampus prepared by 
standard procedures using a vibratome (TPI, St. Louis). Rats (180- 
220g) were anesthetized by intramuscular injection of a ketamine (87 
mg/kg) and xylazine (13 mg/kg) mixture. 
Electrophysiology and Digital Imaging of Cytosolic Ca ~÷ 
Organotypic Sfice Cultures 
The MillicelI-CM plastic inserts with 4-23 days in vitro slice cultures 
were transferred to an immersion-type slice chamber and continuously 
perfused with saline at room temperature (22°C-24°C) containing, 
unless indicated otherwise, 124 mM NaCI, 2 mM KCI, 1.3 mM MgSO4, 
1.3 mM KH2PO4, 17.6 mM NaHCOs, 2.5 mM CaCI2, 10 mM D-glucose, 
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equilibrated with 95% 02/5% CO2 (pH 7.4). Extracellular saline osmo- 
larity was adjusted to 320 mOsm with sucrose. When indicated, picro- 
toxin (20-25 p.M; Sigma), or D,L-APV (100 #M; Sigma) were added to 
the perfusion saline. Patch electrodes (resistance, 6-10 MQ) were 
made from 1.5 mm thin-wall glass (WPI) pulled on a Narishige pipette 
puller (PP-83) and contained 120 mM K ÷ (or Cs+)-gluconate, 10 mM 
K + (or Na+)-HEPES, 17.5 mM KCI (or CsCI), 10 mM NaCI, 2 mM 
MgATP, 0.2 mM NaGTP, and 0.5-1.0 mag-Fura 5 (K + salt; Molecular 
Probes). The larger concentration of tow affinity indicator (1.0 mM) 
was most commonly used, since the ~ignal-to-background ratio was 
sometimes a limiting factor in distal CA1 spines and dendrites with a 
lower concentration of indicator. Osmclarity of the recording solution 
was adjusted to 280-290 mOsm (pH 7.2). Whole-cell recordings were 
made from neurons having a resting membrane potential more nega- 
tive than -50 mV (for K+-gluconate-based recording solution) using 
an Axoclamp-2A amplifier (Axon Instruments). Voltage-clamp experi- 
ments were done in the discontinuous, single electrode mode of the 
Axoclamp-2A, with a switching frequercy of 4.8 to 7.5 kHz. For these 
experiments, the whole-cell electrode contained the Cs+-based solu- 
tion. Presynaptic fibers were stimulated with 100 ps duration pulses 
using fine bipolar stainless steel electlodes (FHC) positioned in stra- 
tum radiatum. 
Acute Slices 
CA1 neurons were impaled with microelectrodes containing 10 mM 
mag-Fura 5 (K + salt; Molecular Probes, Eugene, OR) dissolved in 
1.5 M K÷-acetate in the tip and 3 M K÷-acetate (no added indicator) 
in the electrode barrel. Initial electrode resistance was approximately 
200 M~ and dropped to approximately 100-150 M~ when the elec- 
trode solutions equilibrated. Indicator was loaded into the neurons 
(resting membrane potential more negative than -60 mV) by steady 
hyperpolarizing current injection (0.5--1.0 nA) for 5-10 min. A final 
intracellular indicator concentration of approximately 1 mM for mag- 
Fura 5 was estimated by comparison of 350 nm fluoresence measure- 
ments at rest from neurons filled usinc whole-cell patch electrodes to 
those filled by microinjection. The superfusion solution was the same 
as that described above for organotypic slice cultures. Picrotoxin (20- 
25 ~M) was routinely added to the pc-fusion saline to provide a sus- 
tained spike train upon synaptic stimulation. GABAA antagonists are 
often used in LTP induction experiments (e.g., Wigstr6m and Gustafs- 
son, 1983; Kelso et al., 1986; Sastry et al., 1986), both to facilitate 
induction and to prevent contamination of the excitatory postsynaptic 
potential by the fast inhibitory postsynaptic potential. 
Imaging 
Indicator fluorescence was elicited by epi-illumination with light from 
a mercury arc lamp, split and passed through separate 360 (or 350) 
and 380 nm filters, and recombined to form two computer shutter- 
controlled ultraviolet light sources (Regehr and Tank, 1992). Neurons 
were imaged from the top surface of the slice using an upright micro- 
scope (Zeiss Axioskop) and a long-distance, water immersion 40x 
(Zeiss; NA 0.75) or 63 x objective (Ze ss; NA 0.9), sometimes in con- 
junction with a 2 x teleconverter (Tamron) attached to a cooled charge 
coupled device camera (Photometrics, Tucson, AZ) operating in frame 
transfer mode and controlled by an accelerated Macintosh II computer. 
Cytosolic [Ca 2+] was determined from background-corrected image 
pairs using the ratio method (Grynkiewicz et al., 1985; Tsien and Poe- 
nie, 1986). Analysis regions consisted of a 3 x 3 to 5 x 5 pixel area, 
subtending actual areas of 0.34 to 2.43 p_m 2, depending upon overall 
magnification. Exposure times were 40-110 ms, corresponding to ac- 
quisition rates of 3.8-8.2 Hz per rati3 pair. A logic signal from the 
camera controller served as a trigger to synchronize image acquisition 
with delivery of stimuli. Image acquisilion was routinely discontinued 
at the end of the stimuli to minimize photobleaching of the indicator 
and photoinduced amage to the cell (photobleaching occurred after 
several seconds of continuous excitation at the light levels used). Re- 
sponses were measured 1-3 times in a given neuron. 
Determination of Kd for Mag-Fura 5 
We have previously compared Fura 2 and mag-Fura 5 signals in CA1 
neurons of acute slices (Petrozzino and Connor, 1994). When depolar- 
izations are administered in the preser~ce of K + channel blockers, Fura 
2 reports [Ca 2+] increases in the cell body of 500-900 nM, with progres- 
sively larger increases towards the apical or basal dendrites. Under 
similar conditions, mag-Fura 5 reports almost no ratio change in the 
soma and proximal apical dendrite and small ratio changes (far below 
the maximum obtainable) in more distal apical and basal dendrites. 
These findings are consistent with the large in vitro affinity difference 
between the two indicators. 
To determine the Kd for mag-Fura 5 in 2 mM total Mg 2+, 1 mM mag- 
Fura 5, we made in vitro fluoresence ratio (3601380) measurements 
of mag-Fura 5 as a function of [Ca2+], using Ca 2÷ standards calibrated 
to a Ca2+-sensitive lectrode. Standard solutions containing Ca 2+ at 
10 raM, 1 mM, and 100 p.M were prepared in 130 mM KCI, 10 mM 
NaCI, and 10 m M HEPES by serial dilution of a 100 m M Ca 2+ standard 
solution (Orion). These solutions were used to calibrate a Ca 2+- 
sensitive electrode (Orion 93-20-BN). Additional buffered solutions 
containing Ca 2÷ at 10 mM, 1 mM, 100 pM, 50 p.M, 25 p.M, 10 ~M, 
5 pM, 1 I~M, 0.5 pM, 0.2 p.M, and 0.1 ~M in 1.00 mM nominal EGTA 
(Sigma) were also prepared. These free [Ca2+]s were calculated as- 
suming a Kd of EGTA for Ca 2+ of 140 nM, and 98% purity (n = total 
[EGTA] = 0.98 mM), and a known amount of total [Ca 2÷] added. The 
pH of each solution was adjusted to 7.20. The method described by 
Bers (1982) was then used to calculate the effective Kd and n of these 
EGTA solutions. The method consists of performing a Ca 2+ electrode 
regression analysis from the electrode response measured between 
100 p.M and 10 mM free [Ca 2+] and no EGTA. This regression is then 
used to determine the amount of bound Ca 2+ in each of the Ca2+/EGTA 
solutions. The effective K~ and n of the EGTA is then obtained from 
Scatchard analysis, and actual free Ca 2+ is calculated to provide a 
more reliable electrode calibration and determination of free Ca 2+ in 
mag-Fura 5-containing solutions. 
Ca2÷/mag-Fura 5 solutions were prepared containing 130 mM KCI, 
5 mM NaCI, 10 mM HEPES, 2 mM Na2ATP, 0.2 mM Na~GTP, and 20 
pM mag-Fura 5 as follows. A solution containing 0 Ca 2+, 2.0 mM total 
Mg 2+, 1.0 mM mag-Fura 5 (as in the patch electrode solution), and KCi, 
NaCI, HEPES, Na2ATP, and Na3GTP at the concentrations indicated 
above was prepared to provide a reference measurement of free [Mg 2÷] 
using a divalent cation electrode (Orion 93-32-BN). A 0 Ca2+-containing 
stock solution was also prepared and split into two portions. From one 
portion, 10 mM and 1 mM Ca ~+ solutions were prepared by serial 
dilution of the 100 mM Ca 2+ standard after free [Mg =÷] was adjusted 
to match that in the Mg 2"- reference solution. To the other portion, 1.0 
mM nominal 4,4'-difluoro-BAPTA (Molecular Probes) was added, and 
free [Mg 2+] was adjusted to match that in the Mg 2÷ reference solution. 
Additional buffered Ca2÷/mag-Fura 5 solutions were prepared from 
the 0 Ca2+/1.0 mM 4,4'-difluoro-BAPTA solution by dilution of Ca 2+ to 
approximately 100 pM, 50 p.M, 25 t4M, 10 ~M, and 5 I~M (calculated 
free [Ca 2+] assuming 1.02 mM total buffer with a Kd of 10 #M) from 
the 10 mM Ca 2+ solution prepared previously. The pH of all solutions 
was adjusted to 7.20. Actual free [Ca 2+] of each solution (except he 0 
Ca 2+ solution) was then determined using the calibrated Ca 2+ electrode. 
Fluorescence ratio (R) measurements were then made from each of 
these Ca2+/20 ~M mag-Fura 5 solutions using microslides (20 #m path 
length), in triplicate. 
The equation relating [Ca 2+] and R (Grynkiewicz et al., 1985) may 
be arranged, in terms of R as a function of [Ca2+], in the form 
R = [Rm~n - R=~,]/[1 + ([Ca2+]/Kd x ~)m] + Rm~ (1), 
which describes a symmetrical sigmoid (Rodbared and Hutt, 1974). 
In our case, m should be nearly equal to 1.0. With slight rearrangement, 
equation 1 becomes 
[Rm~, - R]/[Rm~ - Rm,n] = 1/[1 + ([Ca2+]/Ka x [5) m] (2) 
where R=~. and R,,~ are ratio measurements corresponding to free 
and saturated indicator, respectively; Kd is the dissociation constant 
of the indicator; and 1~ is the ratio of 380 nm-excited fluorescence of 
free to saturated indicator. Equation 2 may be linearized into the form 
y = -rex + b by making the following substitutions (see Rodbared 
and Hutt, 1974): 
k = (Rm~, - R)/(Rm~ - Rr,,,) (3) 
y = log [(1 - k)/k] (4) 
x = pea 2+ (5) 
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Figure 6. Regression Analysis of Fluorescence Ratio Measurements 
Made from Mag-Fura 5 Solutions 
Mag-Fura 5 solutions were prepared as described in Experimental 
Procedures. The relationship is a linearized form of a symmetrical 
sigmoid relating fluorescence ratio and [Ca2+]. 
Since the [Ca 2*] that gives R = (Rmin + Rm~)/2 (i.e., y = 0) defines 
the value of Kd x ~ (i.e., x = pK~ x 13) (Uto et al., 1991), we obtain 
Kd = (10-b'm)/~ (6). 
Results showing the above relationship (y = -rex + b) obtained from 
our ratio measurements from CaR+/mag-Fura 5 solutions are shown in 
Figure 6. Parameters derived from this regression analysis were 
m = 0.956 and b =2.951.13 on our system was determined to be 41, 
yielding a Kd of 20 p.M for mag-Fura 5 in our intracellular ecording 
solution. This value lies within the extremes previously reported be- 
tween 0 Mg R+ (K~ = 6.5 pM; Haugland, 1992) and 5.5 mM Mg 2+ 
(Kd = 25 pM; Delbono and Stefani, 1992, Biophys. J., abstract). 
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